Abstract While traumatic joint injuries are known to increase the risk of osteoarthritis (OA), the mechanism is not known. Models for injurious compression of cartilage may identify predictors of injury that suggest a clinical mechanism. We investigated the relationship between peak stress during compression and glycosaminoglycan (GAG) loss after injury for knee and ankle cartilages. Human cartilage explant disks were harvested post-mortem from the knee and ankle of three organ donors with no history of OA and subjected to injurious compression to 65% strain in uniaxial unconfined compression at 2 mm/s (400%/s). The GAG content of the conditioned medium was measured 3 days after injury. After injury of knee cartilage disks, damage was visible in 18 of 39 disks (36%). Three days after injury, the increase in GAG loss to the medium (GAG loss from injured disks minus GAG loss from location-matched uncompressed controls) was 1.5 ± 0.3 µg/disk (mean ± SEM). With final strain and compression velocity held constant, we observed that increasing peak stress during injury was associated with less GAG loss after injury (P < 0.001). In contrast, ankle cartilage appeared damaged after injury in only 1 of 16 disks (6%), there was no increase in GAG loss (0.0 ± 0.3 µg/disk), and no relationship between peak stress and increase in GAG loss was detected (P = 0.51). By itself, increasing peak stress did not appear to be an important cause of GAG loss from human cartilage in our injurious compression model. However, we observed further evidence for differences in the response of knee and ankle cartilages to injury.
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Introduction
Osteoarthritis (OA) is a mechanical and functional failure of an articular joint that leads to pain and disability for a significant portion of the population. Degradation of the articular cartilage is one of the hallmark features of osteoarthritis. An interplay between mechanical forces and cellular responses that leads to excessive degradative activity is therefore thought to be crucial to understanding the pathogenesis of osteoarthritis (Radin et al. 1991; Felson et al. 2000; Aigner et al. 2002) . In particular, the aggrecan molecules of the cartilage matrix, maintained by resident chondrocytes, provide much of the equilibrium compressive stiffness of the tissue due to electrostatic repulsion between the highly charged and closely packed aggrecan glycosaminoglycan (GAG) chains (Buschmann and Grodzinsky 1995) . In addition, cartilage dynamic stiffness is primarily associated with interstitial fluid pressurization (Soltz and Ateshian 2000), due largely to the high resistance to fluid flow provided by aggrecan GAGs within the matrix (Maroudas 1979) . Importantly, it is now well established that loss of aggrecan from the cartilage is a critical event in osteoarthritis (Sandy et al. 1992; Glasson et al. 2005; Stanton et al. 2005) .
Along with risk factors such as age, obesity, and joint alignment, it has been observed that a traumatic joint injury leads to a higher risk for development of osteoarthritis in that joint (Roos et al. 1995; Felson et al. 2000; Gelber et al. 2000; Wilder et al. 2002) . The increased risk was once thought to be primarily due to the mechanical joint instability resulting from the damage to the ligaments or meniscus during injury, but it now appears that even though joint instability is a risk factor for OA, joint repair surgery may not reduce the risk of post-traumatic OA (Feller 2004; Lohmander et al. 2004; von Porat et al. 2004 ). This suggests that early events after the injury have long-term effects on the cells and tissues of the joint. For example, within 24 h after anterior cruciate ligament injury, a dramatic increase in the concentration of the inflammatory cytokines IL-1β and TNF-α has been observed in the synovial fluid of the injured knee (Irie et al. 2003) , and inflammatory changes in the synovial fluid appear to be sustained above normal levels for months to years (Lohmander et al. 1993; Cameron et al. 1997) .
To investigate these processes under defined conditions, in vitro models for injurious mechanical compression of the cartilage have been developed by a number of investigators [reviewed in Patwari et al. (2001) , Borrelli and Ricci (2004) ]. These models may be useful for identifying the mechanical parameters of loading that are most responsible for damage to the cartilage matrix as well as for injury to the chondrocytes. This information could lead to a clinically useful characterization of the tolerances of the cartilage cells and matrix, and could also give insights into the mechanisms of mechanotransduction that are responsible for the effects of an injury.
Several researchers have suggested that there may be a threshold level of peak stress that separates injurious from harmless loads to the cartilage (Repo and Finlay 1977; Newberry et al. 1998; Torzilli et al. 1999; Clements et al. 2001) . At the same time, others have observed associations of cartilage injury with loading parameters such as the final strain (Loening et al. 2000; Ewers et al. 2001 ) and the rate of loading (Chen et al. 1999; Kurz et al. 2001; Quinn et al. 2001 ). Since these loading parameters (peak stress, peak strain, and rate of loading) are interdepedent, further conclusions about the significance of these loading parameters individually will require experiments to measure and consider all of the parameters simultaneously.
We report here the results of experiments subjecting normal articular cartilage from post-mortem human knee-ankle pairs to injurious compression. Since the pattern of osteoarthritis in the knee and ankle joints is different, with a lower incidence of OA in the ankle joint (Muehleman et al. 1997) , investigation of the differences in biomechanical and biochemical differences between the two joint tissues may lead to insights into the pathogenesis of osteoarthritis. Previous studies have demonstrated that the ankle cartilage is stiffer, has a higher GAG content, and resists catabolic stimuli (reviewed in Kuettner and Cole 2005) . In addition, an initial analysis of cartilage from a post-mortem knee-ankle pair suggested a major difference in the response of the two cartilages to injurious compression, and to the combination of injurius compression and exogenous cytokines (Patwari et al. 2003) .
We therefore compared the results of injurious compression, which was defined here as unconfined compression to 65% strain at a velocity of 2 mm/s, between knee and ankle cartilage explants from multiple donor joints. Since this compression protocol applied a fixed final strain at a fixed compression velocity, we analyzed the data to determine whether the effect of peak stress applied to the cartilage during injurious compression was independently associated with the loss of proteoglycan from the cartilage matrix after injury.
Methods

Tissue harvest
All research was approved by the Office of Research Affairs at Rush-Presbyterian-St. Luke's Medical Center and by the Committee on the Use of Humans as Experimental Subjects at the Massachusetts Institute of Technology. Tissue harvest, culture, and injurious compression were identical to the methods described in detail in our initial report (Patwari et al. 2003) . Knee and ankle joints from the same limb were obtained post-mortem from two additional adult human organ donors with no history of OA and joint surfaces rated grade 2 or less on a modified Collins scale (Kuettner and Cole 2005) from the Gift of Hope Organ and Tissue Donor Network (Elmhurst, IL, USA). All results presented here are for a cumulative analysis with three donors.
Bone-cartilage cylinders (9 mm in diameter) were harvested from knee (femoropatellar groove and tibiofemoral) and ankle (talotibial) joint surfaces [Fig. 1a-d and as shown previously (Treppo et al. 2000) ]. To create slices of constant thickness, the cylinders were fixed in place and a microtome was used to first create a level surface (generally removing the superficial zone of the cartilage) and then cut either one or two 0.5-mm-thick slices, as allowed by the depth of the cartilage layer. The cut slices were measured by calipers to verify that the thickness was within 10% of 0.5 mm. From each slice, four smaller disks (3 mm in diameter) were then punched and equilibrated in culture for 3 days with DMEM plus 10% fetal calf serum, 1 mM HEPES, non-essential amino acids, proline, ascorbate, penicillin, streptomycin, and amphotericin B. In separate sections, cell viability was verified by incubation of slices with fluorescein diacetate and ethidium bromide (Fig. 1e-f) (Kurz et al. 2001 ).
Injurious compression
Each cartilage disk was paired with another disk punched from the same 9-mm-slice, and thus from the same joint location and depth. The thickness of each disk was measured again just prior to injury. From each pair, one disk was subjected to injurious compression and one remained uncompressed as a control (Fig. 2a) . Injurious compression consisted of uniaxial compression, in a radially unconfined geometry, to 65% strain at a velocity of 2 mm/s, in an incubator-housed loading instrument (Fig. 2b-c) , as previously described in detail (Patwari et al. 2003) . Displacement was continuously measured by a linear variable differential transformer, and
